Keywords
Dental glass ceramics are used to replace missing or damaged tooth structure because of their high translucency, superior esthetics, biocompatibility, and low thermal diffusivity; however, being a brittle material, they display a high compressive and low tensile strength, which may cause restorations to fail in the oral environment. [1] [2] [3] [4] [5] [6] [7] The introduction of yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP)-based restorations addresses the problem of low tensile strength. In addition to the material's excellent esthetics and tissue tolerance compared with metal-ceramic restorations, its transformational toughening property provides high flexure strength (up to 1200 MPa) and fracture toughness (6 to 9 MPa.m ½ ). [8] [9] [10] [11] [12] [13] [14] However, because of the opaque nature of zirconia, veneering has been done with a more translucent feldspathic porcelain to achieve the desired esthetics. 15, 16 Therefore, to ensure the long-term success of zirconia-based restorations, sufficient bond strength is essential between veneering ceramic and the zirconia framework substructure. [17] [18] [19] [20] [21] [22] [23] Taskonak et al 24 examined the causes of failure in zirconiabased restorations and found that fractures initiated in the ceramic veneer layer. Another study stated that the bond strength between ceramic veneer and the zirconia framework is the weakest component in the layered structure. 25 To overcome this problem, monolithic anatomic contour restorations, made from a single zirconia layer have been recommended. 26 Similarly, lithium disilicate ceramics can be used as a monolithic restoration with excellent translucency and optical properties because of their high glass content; however, there is concern about their strength in posterior areas, especially in patients with bruxism. To try to combine the esthetic properties of lithium disilicate and the strength properties of zirconia, a new group of machinable ceramics, zirconia-reinforced lithium silicate (ZLS) ceramics, have been introduced. The manufacturer claims an improved strength for this material resulting from the addition of 8% to 14% zirconium oxide. 27 Monolithic restorations offer high flexural strength, with no chipping of a porcelain veneer. They provide a balance of versatility and simplicity and are recommended for posterior restorations with limited space between maxillary and mandibular teeth and for patients exhibiting bruxism and clenching. Dental e259 crowns fabricated as multilayered structures may have different stress distributions and load-bearing ability than monolithic restorations. Therefore, differences in mechanical behavior and incidence of fracture are expected. 28 The type and technique of cementation can influence the mechanical behavior of definitive ceramic restorations. [29] [30] [31] [32] [33] [34] [35] Guess et al 36 found that monolithic lithium disilicate crowns have more fatigue resistance when compared to hand-layered zirconia-based restorations. Similarly, Kim et al 37 stated that the fracture resistance of monolithic lithium silicate crowns were higher when compared to veneered zirconia-based restorations where most of the fracture occurred in the veneered layer. Nakamura et al 38 concluded that monolithic lithium disilicate crowns can be used with chamfer width and occlusal thickness of 0.5 mm in the posterior region.
Bindl et al 39 recommended the adhesive cementation of lithium disilicate ceramics, as this would increase the strength of the definitive restorations. On the other hand, Yang et al 40 stated that lithium disilicate restorations should be used with caution in the posterior area due to their decreased fracture resistance. Similarly, Pieger et al 41 stated that the survival rate of single lithium disilicate crowns is high in the short term, but average for the long-term survival rate.
Therefore, the purpose of the present study was to compare the fracture resistance of monolithic-reinforced glass ceramic restorations (lithium disilicate and zirconia-reinforced lithium silicate ceramics) with bilayer zirconia-based restorations. The hypothesis of the study was that bilayered zirconiabased restorations would have a lower fracture resistance than monolithic restorations.
Materials and methods
The sample size was calculated from a power test based on the results of Øilo et al 42 and Bompolaki et al 43 using software (EPI-info v6) to calculate sample size with β = 0.80 and α = 0.05. A sample size of n = 5 for each group was determined.
A total of 15 ceramic restorations were fabricated; they were divided into three equal groups (n = 5), each according to the type of ceramic material used. Group I (monolithic lithium disilicate IPS e.max CAD), group V (monolithic zirconia-reinforced lithium silicate ceramics Vita Suprinity), and group B (bilayered zirconia substructure with veneering ceramic) ( Table 1) . To compare the fracture resistance of the three tested groups, the specimens were cemented on epoxy resin dies with a selfadhesive resin cement, subjected to a chewing simulator, and loaded until fracture.
A specially designed stainless steel die was fabricated using an engineering lathe (Automatic feedback lathe-BV20B-L; Jiaxing Datong Machinery Co. Ltd., Zhejiang, China) to simulate a maxillary first premolar ceramic crown preparation (Fig 1) . The preparation had a 6-mm occlusogingival height, 12°o f total occlusal convergence angle, a flat occlusal surface, and a 1-mm-wide shoulder finish line. A U-shaped groove (3 mm long, 0.5 mm deep) was made on one side of the axial surface to facilitate repositioning of the crowns during measurements and to prevent rotation.
The stainless steel die was duplicated in epoxy resin (Kemapoxy; CMB Intl. Giza, Egypt), mixed according to the manufacturer's recommendation, and poured into a silicone mold (Replisil; Zubler USA, Dallas, TX) under vibration. Fifteen epoxy dies were made and left to polymerize in place for 24 hours.
Group I (IPS e.max CAD) and V (monolithic Vita Suprinity) ceramic restoration specimens were made with a CEREC computer-aided design and computer-aided manufacturing (CAD/CAM) system (scanner, computer with v4.4. software, milling machine). All fabrication steps followed the manufacturer's recommendations. The stainless steel die was sprayed with powder (Vita Cerec Powder; Patterson Dental Co., St. Paul, MN) to remove optical highlights from the surface of the die and to enhance the precision of the optical impressions acquired by creating a uniformly reflective surface. 5 An optical impression was then made with the intraoral camera of the system (Cerec Omnicam; Dentsply Sirona, York, PA). After evaluating the clarity of the scan, the data were stored using the computer software provided by the manufacturers (CEREC 4.4, v3.05; Dentsply Sirona). On the computer screen, a 3D model was created, the margins were identified, and the path of insertion was determined to prepare the restoration for editing. To create the restoration, the cement space was set to 80 μm. Adjusting the buccolingual and mesiodistal dimensions, the cusp heights of the restoration outline were drawn on the design window. The lithium disilicate (IPS e.max CAD) and zirconiareinforced lithium silicate (Vita Suprinity) blocks were inserted and fixed into the milling machine (CEREC inLab MC XL; Dentsply Sirona). The restorations were separated from the block at the end of milling and evaluated on the master die. Every crown was also inspected on its corresponding epoxy die for proper seating before testing.
A similar procedure was carried out for the fabrication of bilayered zirconia crowns. The design was set to produce a 0.5-mm-thick zirconia coping to which a veneering porcelain was applied. To standardize the veneering thickness, a silicone index of a previously milled complete monolithic lithium disilicate crown was made and used to guide the veneer contour and anatomy in thickness and external dimensions. 6 The feldspathic veneer (Vita Zahnfabrik H. Rauter GmbH, Bad Sackingen, Germany) was applied to the cores with the layering technique according to the manufacturer's directions.
The intaglio of each lithium disilicate (group I) and zirconiareinforced lithium silicate (group V) crown was etched with 5% hydrofluoric acid (Vita Ceramics Etch; VITA Zahnfabrik) for 20 seconds, thoroughly rinsed with water, and air dried. The etched surface was coated with a silane (Monobond Plus; Ivoclar Vivadent AG) applied with a brush, air thinning after 1 minute. The intaglio of each crown in group B was airborne-particle abraded with 50-μm Al 2 O 3 (Protechno, Vilamalla, Spain) applied perpendicular to the surface at 200 kPa for 15 seconds at a distance of 10 mm, cleaned with alcohol, and air dried.
Self-adhesive resin cement (RelyX Unicem) was used to cement the crown. The activation, mixing, placement, and polymerization followed the manufacturer's recommendations. Each restoration was seated on its corresponding epoxy resin die and fixed to a specially designed cementation device for load application during the cementation procedure.
The specimens underwent 10,000 preloading cycles at loads between a minimum of 10 N and a maximum of 89 N at a 1 Hz frequency. The rate used was equivalent to the average masticatory cycle of (0.8 to 1.0 cycles/sec). 23 Force was applied to a 6.8-mm-diameter metal sphere placed centrally on the occlusal surface of the crowns attached to the upper movable compartment of the material testing machine (Model LRX-Plus; Lloyd Instruments, Bognor Regis, UK) with a 5 kN load cell. Each epoxy resin die with the cemented restoration was mounted on the lower fixed compartment of the machine and occlusally loaded along the long axis with the upper compartment of the machine at a 1 mm/min crosshead speed until fracture. A tinfoil sheet was placed between the load applicator and the specimen to ensure even stress distribution and to minimize the transmission of local force peaks
The load at failure was associated with an audible crack and was confirmed by a sharp drop in the load-deflection curve recorded with software (Nexygen-MT-4.6; Lloyd Instruments Ltd). The maximum load to cause fracture was recorded in Newtons for statistical analysis. One specimen from each group was scanned by using field emission scanning electron microscopy (FESEM) (Type Quanta FEG 250; Philips, Amsterdam, The Netherlands). The measurements were made at room temperature, low vacuum (60 Pa), and high voltage (30.00 kV).
The data were explored for normality with the KolmogorovSmirnov and Shapiro-Wilk tests. The fracture resistance data showed parametric distribution. Mean, median, standard deviation (SD), minimum, maximum, and 95% confidence interval (95% CI) for the mean values were calculated. One-way ANOVA was used for comparisons among the three materials. The Bonferroni post hoc test was used for pairwise comparisons when the ANOVA test was significant (α = 0.05). The statistical analysis was performed with statistical software (IBM SPSS v20 for windows; IBM Corp, Armonk, NY).
Results
The zirconia-reinforced lithium silicate (Vita Suprinity) crowns showed the highest mean fracture resistance values (p < 0.05), followed by lithium disilicate (IPS e.max CAD). The bilayered zirconia crowns showed the lowest mean fracture resistance values (p < 0.05) ( Table 2) .
SEM examination of the intaglio surface of the zirconiareinforced lithium silicate crowns (Fig 2) showed more resin cement adhering to the surface than to the lithium disilicate crowns, where only small cement patches were observed (Fig 3) . This indicates an increased bond to the zirconiareinforced lithium silicate. For the bilayered zirconia crowns, the zirconia substructure showed minimal remaining veneering ceramic because of delamination (Fig 4) .
Discussion
In the last two decades, CAD/CAM technology has expanded the application of advanced dental ceramics and allowed the development of new treatment options. CAD/CAM systems produce standardized restorations with reduced production costs, labor, and time. 6 Monolithic ceramics were developed to reduce failures of bilayered restorations by eliminating the veneering porcelain layer, thereby improving fracture resistance and enhancing clinical success. Therefore, the purpose of the present study was to compare the fracture resistance of the monolithic reinforced glass-ceramic restorations and bilayered zirconia-based restorations.
The hypothesis that bilayered zirconia restorations would have a lower fracture resistance than monolithic lithium disilicate and zirconia-reinforced lithium silicate ceramics was accepted. The results showed that zirconia-reinforced lithium silicate (Vita Suprinity) had higher fracture resistance than the lithium disilicate ceramic (IPS e.max CAD). This can be attributed to the composition of the material, where the addition of 10% zirconia to lithium silicate may have added to the strength of the material. The improved bond between the luting agent and the zirconia-reinforced lithium silicate may also explain the increased strength. The 10-methacryloyloxydecyl dihydrogen phosphate (MDP) present in the RelyX Unicem luting agent reacts with zirconia within the zirconia-reinforced lithium silicate structure. A chemical reaction occurs at the interfacial level between the hydroxyl groups present as passive coating of zirconium oxide on the ceramic surface and the phosphate ester monomers of the MDP. [29] [30] [31] [32] The high fracture resistance of zirconia-reinforced lithium silicate crowns could be related to the chemistry of MDP being formed of M-R-X, where M is the methacryl group responsible for copolymerization with resin matrix, R is the hydrocarbon chain with different length functioning as spacer, and X is the acidic phosphate group that bonds with metal oxides of ZrO 2 . 33 The results of the present study were consistent with those of Greth et al, 34 who related the high bond strength of RelyX Unicem and zirconia ceramics to the high number of PO 4 groups present within the cement, which also interact chemically with ZrO 2 as the 10-MDP. Improved cement bonding may be explained by the SEM examination (Figs 2 and 3 ) that demonstrated that the intaglio surface of the zirconia-reinforced lithium silicate crowns had greater resin cement than the lithium disilicate crowns did.
Both monolithic restorations, lithium disilicate and zirconiareinforced lithium silicate, had a significantly higher fracture resistance than the bilayered zirconia. This may be attributed to much weaker ceramic veneer and the weak bond between the veneer and core, which may lower the fracture resistance of the definitive restoration. These findings are in agreement with previous studies, which stated that the mechanical strength of bilayered zirconia is limited to the weak feldspathic veneer. 11, 14, 19 These findings were also in accordance with Al-Dohan et al, 21 who stated that failures of bilayered zirconia restorations occurred primarily within the veneer and then extended to the interface, leaving a residue of veneering material on the core surface after delamination. These findings were confirmed in this study by electron microscopic examination, where the outer layer of the zirconia crown specimen showed a minimum amount of veneering ceramic adherent to the zirconia substructure because of delamination (Fig 4) . 21, 33 According to Komine et al, 19 high tensile stresses could result in fracture in the feldspathic veneer, which may either result in cohesive failure within the veneering porcelain or extend to the zirconia substructure, resulting in adhesive failure. This could be due to the high contact angle between the two materials, 35 differences in coefficients of thermal expansion (CTE), 21 or poor thermal conductivity associated with the poor thermal diffusivity or surface state of the zirconia substructure. 22 Both the lithium disilicate and zirconia-reinforced lithium silicate crowns revealed unfavorable fracture patterns due to complete restoration fracture, while the bilayered zirconia crowns showed a more favorable failure, with potentially repairable chipping of the veneering material.
Although in vitro studies cannot completely simulate the oral environment, they are considered a reliable testing method of comparing among tested groups. Another limitation was that all testing was performed on epoxy resin dies, not on natural teeth, which may have led to a different effect. The epoxy dies were selected to standardize the preparation and testing procedure. Long-term clinical studies are needed to compare among the tested ceramic systems to provide outcome data.
Conclusions
Within the limitations of this study it can be concluded that monolithic reinforced glass ceramics (lithium disilicate and zirconia-reinforced lithium silicate) had superior fracture resistance than the bilayered zirconia-based ceramic.
